A monumental task of the mammalian retina is to encode an enormous range (> 10 9 fold) 46 of light intensities experienced by the animal in the natural environment. Retinal neurons 47 carry out this task by dividing labor into many parallel rod and cone synaptic pathways. 48
Introduction 68
The mammalian retina must encode an enormous range (> 10 9 fold) of light intensity as 69 encountered in the natural environment, from few photons in starlit sky to over 10 8 70 photons reflected from sunlit snow (Rodieck, 1998) . This is a mon.umental task, as there 71 are a limited number of photoreceptor subtypes and synaptic pathways in the retina, and 72 each retinal neuron has limited dynamic range for registering visual signals of various 73 strengths e.g. for a study in mouse see (Pang et al., 2004) . The first-order visual neurons 74 are rod and cone photoreceptors. Rods, which are more sensitive than cones, encode dim 75 light but saturate at lower light levels, whereas cones have low light sensitivity and 76 increase in amplitude as stimulus strength is increased to much higher levels. Rod and 77 cone signals, which under certain conditions can spread to each other through gap 78 junctions, are transmitted to second-order retinal cells, the bipolar cells, via glutamatergic 79 chemical synapses as reviewed in (Dowling, 1987) . In mammalian retinas, rod signals 80 are conveyed to the inner retina through at least three bipolar cell pathways. The first 81 (primary) rod pathway transmits hyperpolarizing rod response through a sign-inversing 82 synapse to the ON or depolarizing rod bipolar cells (DBC R s) (Kolb and Famiglietti, 1974) or hyperpolarizing bipolar cells (HBC C s) through a sign-inverting glycinergic synapse (Crooks and Kolb, 1992 ). DBC C s and HBC C s send signals to ON and OFF ganglion 89 cells (ONGCs and OFFGCs), respectively (Kolb and Nelson, 1983) . 90
In the second (secondary) rod pathway, rod signals spread to cones, through an 91 electrical synapse, at least partially mediated by Cx36 (Deans et al., 2002; Zhang and 92 Wu, 2005) , and then cones convey these rod signals to DBC C s and HBC C s via 93 glutamatergic synapses. The third (tertiary) rod pathway initially described for 94 contacts between rods and HBC C s (Soucy et al., 1998; Tsukamoto et al., 2001 ) has more 95 recently been shown to also include synaptic contacts between rod photoreceptors and a 96 certain subset of DBC C s (Tsukamoto et al., 2007) . 97
In addition to the three rod pathways, a fourth pathway for ON and OFF 98 responses, perhaps overlapping with the secondary rod pathway, is the cone bipolar cell 99 pathway, which conveys hyperpolarizing cone responses to DBC C s and HBC C s, and 100 subsequently to ON and ON-OFF and OFF GCs (Kolb and Famiglietti, 1974) . 101
Although the basic rod and cone bipolar cell synaptic pathways in mammalian 102 retina (described above) have been identified, many pieces of the puzzle are still missing.mouse, Tr α (-/-), in which rod phototransduction is effectively eliminated, without 135 appreciable retinal degeneration at 13 weeks of age (Calvert et al., 2000) . To find 136 evidence of the tertiary rod pathway (rod→DBC c s), we compared responses of the 137
Bhlhb4(-/-) mouse (in which the tertiary pathway should be intact, as DBC C populations 138 have been shown to be intact (Kim et al., 2008) and the Tr α (-/-)mouse, which should not 139 have any functional rod pathways. 140
In this way, we were able to provide new insights into the functional organization 141 of rod and cone bipolar cell pathways in the dark-adapted mouse retina, and show how 142 these signaling pathways operate together in forming parallel information channels to 143 encode the wide range light that is encountered in nature. Animals. Wildtype (WT) mice (C57BL/6) from Jackson Laboratories (Bar Harbor, ME) 153 aged 12-18 weeks were used for experiments. Bhlhb4(-/-) mice (99% C57BL/6 genetic 154 background) (Bramblett et al., 2004) , Cx36(-/-) (C57BL6/12SvEV hybrids) (Deans et al., 155 2002) and Tr α (-/-) (C57BL6/12SvEV hybrids) (Calvert et al., 2000) aged between 12 -18 156 weeks were used for experiments. Preliminary evidence suggested that these strains were 157 adequately backcrossed to ensure that strain differences did not affect these recordings 158 (Supplemental Figure 1) . 159
160
Electroretinograms. Before testing, mice were allowed to adapt to the dark overnight. D 161
Under dim red light, mice were anesthetized with a solution of ketamine (95 mg/ml) and 162 xylazine (5 mg/ml). The pupils were dilated with a single drop of 1% tropicamide and 163 2.5% phenylephrine. A drop of 0.5% proparacaine hydrochloride was applied for corneal 164 anesthesia. Mice were placed on a heating pad maintained at 39°C, inside a Ganzfeld 165 dome coated with highly reflective white paint (Munsell Paint, New Windsor, NY). A 166 small amount of 2.5% methylcellulose gel was applied to the eye, and a platinum needle 167 electrode was placed in contact with the center of the cornea. Similar platinum reference 168 and ground electrodes were placed in the forehead and tail, respectively. After placement 169 in the dome, mice were allowed to remain in complete darkness for 5 min. Signals were 170 amplified with a Grass P122 amplifier (bandpass 0.1 Hz-1000 Hz; Grass Instruments, 171
West Warwick, RI). Data were acquired with a National Instruments Lab personal 172 computer Data Acquisition board (sampling rate 10,000 Hz; National Instruments, 173
Austin, TX). Traces were averaged and analyzed with custom software written in Matlab 174 (Mathworks, Natick, MA). 175
Flashes were calibrated using a photometer (International Light model IL1700, 176 Newburyport, Massachusetts) fitted with a scotopic filter in integrating mode that gave 177 results as scotopic (sc) cd-s m -2 . In order to convert these units to 178
photoisomerizations/rod, we used the same conversion factors as reported previously 179 (Saszik et al., 2002) . Namely, that 1 sc td s = 121.6 Rh* per rod. This calibration wasalso appropriate for the mouse M-cone with a peak near that of rods (Lyubarsky et al., 181 1999) . For the area of the dilated pupil, we use 3.14 mm 2 , as reported in (Pennesi et al., 182 1998) . Flashes for scotopic measurements were generated by a Grass PS-33 183 photostimulator (Grass Instruments, West Warwick, RI). Light was spectrally filtered 184 with a 500 nm interference filter (Edmund Industrial Optics, Barrington, NJ). A series of 185 metal plates with holes of varying diameters and glass neutral density filters were used to 186 attenuate the flash. As the strength of the flash increased, the number of trials was 187 decreased and the time between each flash was increased. To remove oscillatory 188 potentials before fitting, the scotopic b wave was digitally filtered using the filtfilt 189 function in Matlab (low-pass filter; Fc =60 Hz). The relationship between b-wave 190 amplitude and flash intensity can be described by a saturating hyperbolic function Rushton) with the form (Naka and Rushton, 1966) Figure 3A and Table I ). Cx36(-/-) mice had 278 very similar b-waves with similar saturating values and sensitivities (solid red line in 279 Figure 3A and Table I . This response has commonly been given the name "PII" after (Granit, 289 1933) . 290 Figure 3 and Table I near here  291 In the first light zone (zone I, less than 0.1 photoisomerizations/rod), the WT ERG 293 exhibited positive and negative scotopic threshold responses (pSTR and nSTR, Figure  294 4A), which have been described previously in mice (Saszik et al., 2002) . pSTR and 295 nSTR are distinct from the stereotypic b-wave in that they are much more sensitive, they 296 saturate at lower light levels, and are thought to arise from third-order retinal cells. We 297
found that the different mouse strains exhibited different responses in this zone (Figures 298
4A, B). 299
The nSTR was observed in WT mice becoming maximal about 150 msec after the 300 pSTR peak, but was not found in Cx36(-/-) and Bhlhb4(-/-) mice ( Figures 4A, B) . WT 301 nSTR data points can be fit by an exponential function of the following form (solid black 302 line, Figure 4B and Table II) Data points from the Cx36(-/-) and Bhlhb4(-/-) mice in this zone, on the other 316 hand, were not consistently larger than the extension of the fit to the b-wave in zone 2, 317 although the Cx36(-/-) did have some relatively large responses (e.g. Figure 4A ) that 318 appeared to deviate from the PII fit ( Figure 5 ), Due to the fact that the Cx36(-/-) lacked 319 an nSTR, it was felt that the positive-going responses in this zone could be due to 320 underlying PII being revealed when nSTR was lost, and any residual pSTR that was 321 present. Due to limitations of our stimulus, we were unable to differentiate between a 322 very sensitive pSTR and a slightly less sensitive positive scotopic response (pSR) 323 described by (Saszik et al., 2002) ; the sensitivity and maximum amplitude of our pSTR 324 is similar to the pSR of the previous study. 325 326 Figure 5 and Table 2 The single cell response range plots in Figure 3B indicate that the highly sensitive 370 pSTR and nSTR in zone I fall into the same dynamic ranges of rod-driven third-order 371 cells in the proximal retina. It is important to note that nSTR is a negative voltage 372 response, suggesting that it is a radial current flow from the proximal retina to the distal 373 retina, in the opposite direction as the radial current underlying the stereotypic b-wave. other models (Hood and Birch, 1996) . In Figure 3A In this study, we have gained insight into the operational plan that the mouse 510 retina uses to encode a large range of stimulus strengths in the dark-adapted state. At the 511 lowest light levels (below 0.1 photoisomerizations/rod, zone I), large amplification of rod 512 signals is needed in third-order retinal neurons to provide reliable responses to dim light 513 information. Based on modeling of the the passive electrotonic properties of rods and 514 cones, it was proposed that in the 'low-scotopic' range, sharing of current between the 515 rods and cones would hinder efficient transfer of signal between the rods and DBC R s 516 (Smith et al., 1986 ), which would not allow the retina to maintain its exquisite sensitivity 517 (Hecht et al., 1941) . It has also been demonstrated in amphibian retina that rod-cone 518 coupling is very weak at low light conditions (Yang and Wu, 1989) . 
Use of Knockout Mouse Models to Isolate Retinal Pathways 573
We have shown the utility of using specific knockout mouse models in trying to 574 understand the overall the signaling paradigms of the mammalian retina in this study. 575
This is a powerful technique, as it is not always possible to isolate certain responses using 576 pharmacology or different stimuli. In a previous study, we show the close 577 correspondence between using two of these knockouts (Cx36(-/-) and 
GNAT2
cpfl3 mutant mouse (which is a mutation in the gene that encodes the cone α-621 transducin) have taken this approach. The first study (Chang et al., 2006) , showed that 622 using standard ERG protocols, the GNAT2 cpfl3 mutant did not exhibit a significant change 623 in b-wave amplitudes compared to wild type. The second study (Nusinowitz et al., 624 2007), used flicker ERGs and did show a selective loss of the second amplitude 625 maximum, which they attributed to loss of the secondary pathway. They hypothesized 626 that rod-cone coupling was disrupted, though this was not directly tested in 627 immunohistochemical, biochemical or anatomical studies. However other mutations in 628 mice that eliminate cone function, such as elimination of the cyclic nucleotide gated 629 channel CHGA3, lead to cone degeneration (Michalakis et al., 2005) . 630
As stated by Nusinowitz et al. 2007 the apparent discrepancies between these two 631 ERG studies of the GNAT2 cpfl3 mouse can be attributed to the fact that with standard 632 ERG recordings (stated to be 1 Hz (Nusinowitz et al., 2007) ) the primary rod pathway is 633 the major throughput of visual information to secondary neurons. As the frequency is 634 increased, the secondary pathway becomes functional. This is a plausible hypothesis as 635
we have shown that rod-rod coupling in the tiger salamander is frequency-dependent (Zhang and Wu, 2005) as is rod-cone coupling (Wu, unpublished) and rod-cone coupling 637 is light-dependent (Yang and Wu, 1989) . 638
However, similar to our results, Nusinowitz et al., 2007 showed that light level 639 also played an important role in separating these pathways, with the local minimum in 640 response amplitudes occurring at approximately 30 Rh* per rod, which is in our Zone III, 641 or where we predict that rod-cone coupling through Cx36 in the mouse is of functional 642 consequence. 643
The frequency dependence of rod-cone coupling can partially explain the 644 discrepancies of our findings of normal scotopic b-waves in both connexin36 KOs (Zone 645 II) and the dramatic loss of b-wave described by others. In that study, ERGs were 646 recorded using a longer duration light stimulus (10 msec), and shorter intervals between 647 flashes (20 sec) compared to the standard µs flash stimulus and intervals sometimes 648 exceeding 2 minutes in the present study. The shorter intervals between flashes will not 649 allow the retina to remain dark-adapted for strong flashes, although it could be argued 650 that the same desensitization would carry over to the wild type. However, the recent 651 molecular and biochemical evidence that electrical synapses are capable of being 652 phosphorylated (Urschel et al., 2006; Kothmann et al., 2007) could raise the point that 653 this rapid activity may be stimulating such pathways for modulation of the rod-cone 654 coupling. 655 A recent study by (Ribelayga et al., 2008) suggested that rod-cone coupling (as 656 assessed by neurobiotin tracer diffusion) in the CBA/CaJ mouse is controlled by an 657 intrinsic circadian clock in the retina, and is much stronger at night. We have not made 658 systematic studies to look for evidence of this phenomenon, under tightly controlled 659 conditions,. We have, however, have found evidence during daytime hours of rod-cone 660 coupling in ERGs, as well as in single-cell recordings in strains of mice other than 661 CBA/CaJ, which has low b-wave amplitude and sensitivity (Pinto et al., 2007) . 662
In an interesting study to assess contrast sensitivities of mice using an optomotor 663 response, (Umino et al., 2008) showed that the GNAT2 cpfl3 mice have very similar 664 contrast sensitivities to WT (C57BL/6) mice at low light levels, consistent with our results 665 that the rod visual pathways are the major determinants of visual function at the lowest 666 light levels. Similarly, using the rod-transducin knockout Tr α (-/-), they showed that 667 these mice do not start to display contrast sensitivity until a mean luminance equivalent 668 to 10 -3 photoisomerizations/rod. Comparing the contrast sensitivities across a 10 9 unit 669 mean luminance range, they also show that using only the rod-vision mice and cone-670 vision mice, there is a dip in contrast sensitivities compared to WT for approximately 2 671 log units of mean luminance. This dip might be explained, from the results of our study, 672 by loss of the additive value of rod vision entering cone pathways through connexin36, 673 though it is difficult to compare studies directly as adaptational effects will play a major 674 role in affecting neuronal function in such constant luminance experiments (Dunn et al., 675 2006; Dunn and Rieke, 2008) . 676
In summary, the dark-adapted mouse retina encodes visual images over a very 677 wide light range (> 9 log units) by several parallel DBC synaptic pathways as illustrated 678 in and blue lines are Naka-Rushton fits for the b-wave (see Table I robust pSTR, which could be fit by an exponential function (see Table II), while  723 responses of Cx36(-/-) and Bhlhb4(-/-) mice in the range that produced the pSTR of were 724 not fit to the exponential function. For PII, WT and Cx36(-/-) had very similar maximum 725 amplitudes and sensitivity (see Table I 
